enteric bacteria such as Salmonella typhimurium and Escherichia coli, heme is essential for the activity of the cytochromes in respiratory chains and also for two catalases (1, 7, 19, 23) . The heme pathway produces two additional products: siroheme and cobalamin (vitamin B12 [22, 26] ). Recent studies in both organisms have expanded our knowledge of heme biosynthesis, although regulatory mechanisms for the heme pathway are still unknown (reference 47 and references cited therein).
The heme pathway proceeds from glutamate to heme in 10 steps. The eighth step is the conversion of coproporphyrinogen III to protoporphyrinogen IX, a reaction in which two propionyl groups on the A and B rings of the tetrapyrrole are oxidatively decarboxylated to vinyl groups (7) . In yeast cells, coproporphyrinogen oxidase is regulated at the level of transcription; it is induced under low oxygen and anaerobic conditions as well as by heme limitation (49) . Coproporphyrinogen oxidase is also of particular interest because in well-studied examples, such as the enzymes from yeast cells and bovine liver, molecular oxygen participates directly in the reaction as the electron acceptor (7, 33, 36, 49) . Thus, coproporphyrinogen oxidation is a logical step at which bacteria might sense the presence of electron acceptors for respiration and adjust the synthesis of heme accordingly. Finally, synthesis of heme for anaerobic respiration requires an oxygen-independent enzyme, and a few studies have described such an activity in photosynthetic bacteria (24, 38, 41) .
The presence of two enzymes, which could be redundant under aerobic conditions, would explain the failure to generate coproporphyrinogen-accumulating hem mutants of S. typhimurium in a single step (47) . Under anaerobic condi-* Corresponding author.
tions, we predicted that mutants defective in the oxygenindependent enzyme should manifest a heme requirement. Heme auxotrophs that are suppressed during aerobic growth were isolated and mapped to the hemN gene near 85 min. Starting from a hemN mutant strain, secondary mutations which might affect the oxygen-dependent enzyme were found; these map in the hemF gene near 50 min (47) . Since no other loci were found in these mutant hunts, we suggested that hemF encodes the oxygen-dependent coproporphyrinogen oxidase, while hemN encodes the oxygen-independent enzyme.
In the present work, we have cloned and genetically characterized the S. typhimurium hemF gene. Our results confirm that hemF does encode an oxygen-dependent coproporphyrinogen oxidase similar to the yeast enzyme. Studies of the expression of the hemF gene are also discussed.
MATERIALS AND METHODS
Bacterial strains. The E. coli and S. typhimurium strains used in this study are listed in Table 1 . All S. typhimurium strains are derivatives of the wild-type strain LT-2. E. coli MH-1 was the host when plasmids were constructed (15) . S. typhimurium TE2281 (r-m+ recA) was used as the host when plasmids were transferred to S. typhimurium. The E. coli strain CLT43 (34) was used for analyzing plasmidencoded proteins by the maxicell method.
Media and growth conditions. NCE medium (2) with 0.2% glycerol as the carbon source was used as the' standard minimal medium. NB (8 g of Difco nutrient broth per liter with 5 g of NaCl per liter) and LB medium (32) were used as rich media. Difco Bacto or BiTek agar was added at a final concentration of 1.5% for solid media. Auxotrophic requirements were satisfied by inclusion of the appropriate supplement in minimal medium at the final concentrations as specified (8 LT-2  MST1748  TR5662  TR5664  TR5877   TR6612  TT627  TE2036  TE2281  TE2720  TE2894  TE3006  TE3989  TE4085  TE4086  TE4087  TE4088  TE4089  TE4090  TE4091  TE4092  TE4093  TE4094  TE4095  TE4096  TE4097  TE4098  TE4099  TE4100  TE4102  TE4523  TE4569  TE4574  TE4578  TE4638  TE4650  TE4652  TE4670  TE4674  TE4677  TE4755  TE5047 Wild type pyrD121 Aput(PA)521 strAl hisO1242 his-2236 strAl cysA533
hsdL6 hsdSA29 (rLT-mLT+ rs-mS+) metA22 metE551 ilv-452 trpB2 xyl-404 rpsL120
(Str) Hi-b H2-e,n,x (Fels-2-) nml poL42 ara-9 strAl pyrC7/F'ts114 zzf-20::TnlO ducing bacteriophage P22 mutant HTJOS/1 int-201 was used for all transductional crosses (37) and was prepared as described elsewhere (8) . Hydroxylamine mutagenesis was carried out on a concentrated phage P22 lysate grown on strain TE2894 containing a TnlOd-Tet insertion 70% linked to hemF (18) . The mutagenized phage lysate was used to transduce TE2720 (hemN704::Mud-J env-53), with Tetr selected. Mutants defective in hemF were recognized by their Hem-phenotype as described previously (47) .
Molecular techniques. Techniques for plasmid construction followed standard methods (3, 10, 11, 30) . Deletion mutants of plasmid pTE410 were constructed by unidirectional exonuclease III digestion (16 [17] ). The plasmid pTE458 was obtained by recombination in vivo between pTE410 and the hemF707::TnlOd-Tet insertion as described in Results. Other plasmids, listed in Table 2 , contain DNA fragments derived from the 7.8-kb insert of pTE410 cloned into pBR322, pBR328, and pUC119 (44) . For the maxicell-labeling experiments, pUC8-Cm was used as the vector. This plasmid (a gift of K. J. Buckley) is a derivative of pUC8, with Camr substituted for Ampr. Plasmids pTE451 and pTE452 are, respectively, lac protein and operon fusions to the hemF gene. For both plasmids, the orf-32-hemF fragment extends from the upstream MiuT site to a position near the PstI site early in the hemF gene. In pTE452, the precise joint is at bp 1141 of the orf-32-hemF sequence, while for pTE451 the joint is at the C at bp 1140. Thus, pTE451 carries a hemF-lacZ protein fusion with 14 codons of hemF. The lac fusion vectors were pRS577 and pRS550 (39) .
Complementation tests. Plasmids were transferred into hemF mutant strains by P22-mediated transduction, with Ampr selected. One-tenth of a milliliter of overnight culture of each mutant recipient was mixed with about 5 x 107 phage particles and incubated for 60 min. The mixture was then plated on minimal glycerol agar supplemented with 20 pg of heme and 1 ,ug of ampicillin per ml. After Ampr colonies had developed, the plates were replica printed to the same plates but without heme. Plasmids which express HemF are able to complement and thus give Hem' Ampr colonies on minimal ampicillin plates lacking heme.
Strain constructions. Strains TE4670 and TE4677 were constructed with the chromosomal lac fusion system described previously (11) . A lac fusion carried in pTE452 (orf-32-hemF'-4ac [op]) was introduced into the chromosome of the E. coli strain TE2680 by linear transformation with PstI-digested pTE452, with Kanr selected. The fusion was subsequently transferred into S. typhimurium LT-2 by phage P22 transduction as described elsewhere (11) . The resulting strain, TE4670, carries the orf-32-hemF'-4ac [op] fusion at the put locus.
The orf-32:1:Q-Cm insertion was first constructed in pTE449, which carries the MluI-EcoRI fragment including orf-32 and hemF. The interposon fl-Cm (12) was inserted between the two ClaI sites of orf-32 to give pTE449. The MluI-EcoRI fragment with (orf-32::fI-Cm)-hemF was then cloned in pPC6 at the EcoRI site (14) , disrupting the putA gene. The resulting plasmid, pTE467, was digested with AatII and used for linear transformation of TE2628 (Table 1) The final steps to construct strain TE4677 are described in
Results. The Kanr(orf.32)-hemF'-lac structure was confirmed by recombining the fusion from the chromosome onto the plasmid pTE337 (11) and analyzing the restriction digestion pattern.
A phage P22 lysate was grown on TE4569 and used to transduce MST1748, which carries a nontransducible deletion of theput region. Since the recipient lacks homology for recombination atput, inheritance of the orf-32::1-Cm insertion can occur only by recombination in the hemF region. The resulting strain, TE4574, contains orf-32::1-Cm at its native chromosomal location.
Maxicell analysis of plasmid-encoded proteins. Plasmids were introduced into E. coli CLT43 by electroporation. Maxicell preparation, protein labeling, electrophoresis, and autoradiography were all performed exactly as described previously (10) .
Primer extension. RNA for primer extension was prepared from the S. typhimurium TE4638, which is TE2281 with the Orientation of the hemF operon. F'tsll4 (Lac') zzf-20:: TnJO was introduced into TE4523, which contains hemF707::TnlOd-Tet, by conjugation, as described elsewhere (6) . Integration of the F' plasmid into the chromosome was selected at 42°C and occurred through homology between the TnlO in the F' plasmid and the TnlOd-Tet in the chromosome. The resulting Hfr strain transfers the cysA (50 min) and his (42 min) genes in recombination tests. Thus, on the basis of the definition of Chumley et al. (see Fig. 2 of reference 6), hemF707::TnlOd-Tet has the A orientation.
The genetically defined A orientation of hemF707:: TnlOd-Tet corresponds to the local orientation cysA-(tetAtetR)-eut, on the basis of restriction mapping of the A orientation hisG9424::Tn10 insertion (see Fig. 2 of reference 13; see Table 3 of reference 25). The restriction map of pTE458 gives the orientation orf-32-hemF'-(tetA-tetR)-hemF. We conclude that the orf-32-hemF operon is transcribed clockwise, toward eut.
13-Galactosidase assays. Cultures for 3-galactosidase assays were grown in minimal glycerol medium at 37°C with shaking to an A6. of 0.5. Cell suspensions were made permeable by treatment with sodium dodecyl sulfate (SDS) and chloroform, and assays were performed as described elsewhere (32) .
Assay of coproporphyrinogen oxidase. Cells were grown to late log phase (A6w = 0.6 to 0.8) in 500 ml of minimal glycerol medium, harvested by centrifugation, and resuspended in 2 ml of 50 mM KP04, pH 7.5. Cells were disrupted by passage through a French pressure cell at 15,000 lb/in2. The crude extract was first centrifuged at 25,000 x g for 10 min, and then the supernatant was centrifuged at 105,000 x g for 2 h to remove membranes. The crude extracts were stored at -70'C. The protein concentration of the extracts was measured by the method described by Lowry et al. (29) . The substrate, coproporphyrinogen III, was freshly prepared from coproporphyrin III immediately before use and added to the reactions in a constant amount of 12.5 nmol (6.25 p.M). Coproporphyrin III was purchased from Porphyrin Products (Logan, Utah) and stored as a 1 mM solution in 0.01 N KOH at -20'C. For reduction, an aliquot (0.25 ml) of the coproporphyrin stock was diluted with 0.01 N KOH to 1 ml, and 1 g of sodium amalgam was added. The tube was gassed with nitrogen, sealed with Parafilm, and shaken vigorously under dim light until all red fluorescence was gone (visible under long-wave UV light). Fifty microliters of this solution was used for each reaction. Sodium amalgam (3%) was prepared according to the method described by Jacobs and Jacobs (20) and washed twice with water immediately before use.
The coproporphyrinogen oxidase reactions were carried out in a total volume of 2 ml in 50 mM KPO4, pH 7.5, containing 1 mM dithiothreitol, in the dark. Extracts containing various amounts of protein were added to convert 15 to 30% of the added coproporphyrinogen to protoporphyrinogen under standard conditions. For the experiments presented here, inactive extract from strain TE4523 (a hemF mutant) was added to bring the total amount of protein to 4 mg per reaction. Reaction mixtures were incubated at 370C for 30 min on a rotary wheel in the dark. For anaerobic reactions, the mixture was gassed with nitrogen and sealed in a stoppered tube. Reactions were terminated by adding 2 ml of glacial acetic acid. This mixture was incubated in the dark at 370C for 2 h on a rotary wheel to oxidize the porphyrinogens to their respective porphyrins. The high protein concentration of the reactions and the oxidation of porphyrins in darkness were found to limit the appearance of what are apparently breakdown products of protoporphyrinogen, with chromatographic mobilities intermediate between those of coproporphyrinogen and protoporphyrinogen. After oxidation, 6 ml of ethyl acetate was added to the samples. After extraction and centrifugation at 12,000 x g for 5 min, the supernatant was kept, and the pellet was washed with 8 ml of ethyl acetate/glacial acetic acid (3:1 by volume) and centrifuged again. The supernatants were combined and washed with water until the volume of the ethyl acetate phase was reduced to 2 to 3 ml. Air was blown over the samples to evaporate the ethyl acetate. The porphyrins were then esterified and analyzed by high-performance liquid chromatography (HPLC) as described previously (40, 47) .
The amount of substrate remaining and the yield of product for each reaction were calculated on the basis of the area of the chromatographic peaks, relative to known standards. The combined molar yield of recovered substrate and product porphyrins averaged about 50% of the substrate input but was somewhat variable. To correct for this variation, the yield of product for each reaction, as a fraction of total substrate and product recovered, was normalized to the input, 12.5 nmol of coproporphyrinogen III.
Nucleotide sequence accession number. The nucleotide sequence for the hemF gene has been given the GenBank accession number L19503. 
RESULTS

Isolation
1174 GTG GAT GGC GCA AAC TTT GTC GAA GAT AGC TGG CGA CGC GA GCG GOGC GGC GOC GGA CGC AGC CGG GTA TTA CGC
1249 AAC GOC GGG ATT TTC GAA CAG GCG GGC GTE AAT TTC TCT CAC GTT CAC GoC AT GCR ATm CCC GCG TMC GCC ACC
1399 TAT ATE CCC ACC AGC CAT GCT AAC GTG CGC TT TTE ATT GCC GAA AAA CCG GGC GCC GAT CCG GTA TGG TGG mTT
GGC GGC GGG TTC GAT TTA ACC CCC TAC TAC GOC TmT GAA GAG GAT GCC GTT CAC TGG CAC CGC ACC 0CC CGC MC G G G F D L T P Y Y G F E E D A V H W H R T A R D
1549 CTG TGC CAG CCG TTE GGT GAC GAT GTM TAT CCG COT TAT AAA AAG TGG TOC GAC GAC TAC TT TTT CTC AAA CRC Further evidence, discussed below, reinforces this conclusion. Only 2 bp separate the TAA stop codon of orf-32 from the ATG of hemF. In addition to these two genes, there are two smaller ORFs oriented in the same direction. One of these is indicated in Fig. 1 , but at present we do not know whether either is functional.
CGC AAC GAG CAG CGC GGC GTT GGC GGC CTG TTE TTE GAC GAT TEG AAT ACG CCG GAT TEC GAC CAC TGC TTC GAC
Complementation tests. The results of complementation tests were consistent with the sequence analysis. Plasmids pTE450, pTE459, and pTE460 contain deletions either in orf-32 or in the small ORF downstream of hemF (Fig. 1) . All three plasmids complemented hemF hemN double mutants. In contrast, plasmids in which hemF was disrupted could no longer complement (pTE458, pTE465, and pTE466; Fig. 1 ).
To eliminate the possibility that the hemF region is genetically complex, all complementation tests with the plasmids diagrammed in Fig. 1 were carried out with a set of 16 independent hydroxylamine-induced hemF mutants carried in a hemN: :Mud-J env-53 recAl background (strains TE4085-4100; Table 1 ). A strain containing the hemF707:: TnlOd-Tet insertion in the same background was also used as a control (TE3006).
The orf-32 gene is apparently not a hem gene. As described above, pTE450 and pTE460 contain deletions in orf-32 and still complement all known hemF mutants (Fig.  1) . To verify this conclusion, we constructed an insertion mutation in the orf-32 gene. A DNA fragment carrying the strongly polar interposon fQ-Cm, which has both transcriptional termination signals and translational stop codons at its ends (12) , was inserted between two closely spaced ClaI sites inside orf-32 on the MluI-EcoRI fragment. The resulting plasmid still complemented all hemF mutants. The orf-32::Q-Cm mutation was also introduced into the S. typhimurium chromosome as described in Materials and Methods. Strain TE4652 carries orf-32::1-Cm in a hemN background and still has a Hem' phenotype.
Identification of proteins encoded by the MluI-EcoRI fragment. We used the maxicell technique (10, 34a) to visualize the proteins encoded by this DNA segment. Plasmids were constructed with pUC8-Cm as the vector because the ,B-lactamase produced by pBR328 and other common vectors is about the same size as that expected for the HemF protein and the orf-32 gene product. The plasmid pTE455 contains the 2.4-kb MluI-EcoRI fragment (Fig. 1) inserted between the BamHI and EcoRI sites in pUC8-Cm. Two plasmids derived from pTE455 were also used: pTE456 has a deletion in the orf-32 gene which preserves the original reading frame, and pTE457 has a frameshift mutation in the hemF gene, made by filling in the NarI site.
Three labeled proteins were seen with pTE455 (Fig. 4) promoter (P2) that lies downstream of the orfr32::fl-Cm insertion. The activity of the downstream hemF-specific promoter would account for the residual E-galactosidase synthesis observed in strain TE4755.
The position of the upstream promoter, P1, was determined by primer extension (Fig. 6 ). RNA was prepared from an S. typhimuenum strain containing a multicopy plasmid expressing orf-32. This RNA was used as the template for reverse transcription to determine the location of the P1 promoter (see Materials and Methods for details). The position where the 5' end of the P1-derived RNA was mapped is indicated in Fig. 2 (the G at bp 119), together with sequences that may correspond to conserved hexamers lying at the -35 and -10 positions of a u70 promoter. We have not been able to detect transcription from the hemE promoter P2 by this method. Orientation of the hemF operon on the chromosome. We determined the orientation of the hemE operon on the chromosome by combining two results. First, an Hfr method established the orientation of the hemF707: :TnlOd-Tet insertion with respect to nearby genetic markers (see Materials and Methods for details). Second, restriction mapping of the plasmid pTE458, which carries the same insertion, was used to relate the local orientation of the hemE operon to the genetic map. The hemF operon is transcribed in the clockwise direction. As previously described, it lies between cysA at 50 mmn and eut at 51 mmn (35) .
Assay of coproporphyrinogen oxidase. Extracts from three strains were assayed for coproporphyrinogen oxidase activity as described in Materials and Methods. These were LT-2 (wild type), TE5047 (with a plasmid carrying hemF+), and TE4523 (a hemE mutant). The results are shown in Table 3 , and a representative HPLC profile is shown in Fig. 7 . Strain TE5047 showed a specific activity 40 times higher than that VOL. 175, 1993 on October 29, 2017 by guest http://jb.asm.org/ of the wild-type strain LT-2, while the hemF mutant strain had no detectable coproporphyrinogen oxidase activity. As expected, this HemF enzyme activity was oxygen dependent. We are presently searching for conditions that will allow detection of the predicted hemN-dependent anaerobic coproporphyrinogen oxidase activity.
DISCUSSION
In this work, we have characterized the hemF gene of S. typhimurium. The (49) , strongly suggesting that HemF is an S. typhimurium coproporphyrinogen oxidase.
Extracts of S. typhimurium were shown to convert coproporphyrinogen III to protoporphrinogen IX. This oxidation activity is dependent on the function of the hemF gene. The activity is also increased about 40-fold in strains carrying hemF on a multicopy plasmid. Coproporphyrinogen oxidation was oxygen dependent and was not seen under anaerobic incubation. We are presently searching for the oxygenindependent coproporphyrinogen oxidase activity, for which complex cofactor requirements in other species have been described (24, 38, 41 (48) . The predicted amino acid sequence of the orf-32 product is similar to a recently sequenced amidase of Bacillus subtilis, cwlB (27) , also called lytC (28) , as well as to a potential ORF that lies upstream of mutL in E. coli (43) and S. typhimunium (31) . Thus, orf-32 may encode an amidase involved in cell wall biosynthesis or remodeling. In this regard, it may be significant that amiA mutants defective in an amidase have been mapped near 51 min in E. coli (42) .
